Abstract Future application of adult stem cells in clinical therapies largely depends on the successful isolation of homogeneous stem cells with high plasticity. Multipotent adult progenitor cells (MAPCs) are thought to be a more primitive stem cell population capable of extensive in vitro proliferation with no senescence or loss of differentiation capability. The present study was aimed to find a less complicated and more economical protocol for obtaining single cell-derived MAPCs and understand the molecule mechanism of multi-lineage differentiation of MAPCs. We successfully obtained a comparatively homogeneous population of MAPCs and confirmed that single cell-derived MAPCs were able to transcribe Oct4 and genes of three germ layers simultaneously, and differentiate into multiple lineages. Our observations suggest that single cell-derived MAPCs under appropriate circumstances could maintain not only characteristics of stem cells but multi-lineage differentiation potential through quantitative modulation of corresponding regulating gene expression, rather than switching on expression of specific genes.
Introduction
Bone marrow mesenchymal stem cells (MSCs) are the most-studied adult stem cells and have been widely used owing to their advantages in autografting and multi-lineage differentiation potential, which is also referred to as the plasticity of stem cells [1] [2] [3] [4] . However, some studies in recent years indicated that MSCs might have no plasticity or only have a limited plasticity [5, 6] and that the in vivo multi-lineage differentiation of MSCs might be a result of their fusion with the host cells [7, 8] . That is why, recently, people have been suspicious about the plasticity of MSCs. Some researchers think that the previously separated MSCs are actually a mixed cell population containing several kinds of stem cells with different differentiation potentials [9] . Therefore, how to isolate homogeneous MSCs with high plasticity becomes a ready task of researchers.
Isolation of MAPCs from adult bone marrows was firstly reported by Verfaillie's team [10] [11] [12] . Compared with MSCs, these cells were thought to be a more primitive cell population with partially overlapping ontogeny. Moreover, MAPCs have been proven to be capable of extensive in vitro proliferation with no senescence or loss of differentiation capability. A few researchers held that when embryonic stem cells differentiate into different somatic germ layers and tissue cells, some pluripotent cells remain in specific tissues for future use [13] ; judging from their differentiation property, MAPCs should belong to this type of cell. Although the above hypothesis needs to be further verified, this subpopulation of pluripotent stem cells provides a new thought and may serve as a new cell source for tissue engineering.
Based on the above understanding, we started our experiment with isolation of MAPCs from bone marrow of adult rats and then fully studied their differentiation potentials. MAPCs were isolated using a modified protocol of Verfaillie' team [10] . By screening for cells highly expressing Oct4 from clone-like clusters, we successfully obtained a comparatively homogeneous population of MAPCs with multi-lineage differentiation potential. The present study was aimed to find a less complicated and more economical protocol for obtaining single cell-derived MAPCs and understand the molecule mechanism of multilineage differentiation of MAPCs. Our observations confirmed that single cell-derived MAPCs were able to transcribe Oct4 and genes of three germ layers simultaneously, and differentiate into multiple lineages.
Materials and methods

Culture and clone expansion of MAPCs
Bone marrow was obtained from 4-week-old male SpragueDawley (SD) rats. With fat and red blood cells removed, the remaining cells were seeded at a density of 1×10 6 cells/cm 2 in 100 mm dishes coated with 10 ng/ml fibronectin (FN; Sigma-Aldrich, USA) and incubated at 37°C with 5% CO 2 in a fully humidified atmosphere. The expansion medium of MAPCs consisted of 60% DMEM-LG (Gibco-Invitrogen, USA) and 40% MCDB-201 (Sigma), with 2% fetal bovine serum (FBS; Gibco-Invitrogen), 1× insulin/transferring/selenium (ITS), 1× linoleic acid bovine serum albumin (LA-BSA), 10
M dexamethasone (Dex), 10
M ascorbic acid 2-phosphate (all from Sigma-Aldrich), 100 U/ml penicillin, 1,000 U/ml streptomycin (Gibco-Invitrogen), 10 ng/ml EGF (Sigma-Aldrich), 10 ng/ml PDGF-BB (R&D Systems), and 10 ng/ml LIF (Chemicon International, USA). The nonadherent cells were removed by medium change at 24 h and every 3 days thereafter until 100% confluence was reached. Cells were passaged once with 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA; Gibco-Invitrogen) and the passage 1 (P1) cells were replated at a 1:2 dilution under the same culture condition. After being passaged for at least four generations (P4), cells were seeded on a 96-well plate coated with 10 ng/ml FN at a density of 0.5 cell/well by limited-dilution method in expansion medium. The wells containing more than one cell under a phase-contrast microscope were discarded. When cells grew to 40-50% confluence, they were pipetted from one well, seeded to one of the 24 wells, and then serially reseeded to a six-well plate, 60 mm dish, and 100 mm dish in the presence of 0.25% trypsin-EDTA. When cells reached a density of 4-8× 10 3 cells/cm 2 in 100 mm dish, they were replated at a 1:3 dilution, and the fastest-growing clone was selected after being passaged for 20 times.
Total RNA isolation and RT-PCR analysis Total RNA was extracted from the clonal cells using RNA Mini kit (Huashun, China). First-strand cDNA was synthesized with total RNA using a mixture of oligo (dT)12-18 and random hexamers (Roche Diagnostics, Germany) primers with AMV (Promega, USA) and Superscript II RNase H Reverse Transcriptase (Invitrogen, Germany). Polymerase chain reaction (PCR) was conducted with approximately 50 ng cDNA for amplification of the following marker genes: pluripotent marker Oct-4, endodermal marker lanosterol-14a-demethylase (CYP 51), mesodermal marker SM22α and GATA-4, and ectodermal marker N-methyl-Daspartic acid (NMDA) glutamate binding protein. The housekeeping gene encoding 18S was used as an internal control. The PCR primers are listed in Table 1 . After initial denaturation at 98°C for 3 min, PCR amplification was Immunocytofluorescence and fluorescence-activated cell sorter analysis
Clonal cultured MAPCs were fixed with 4% paraformaldehyde for 4 min at room temperature. After being blocked with phosphate-buffered saline (PBS) containing 2% BSA, cells were permeabilized with 0.1%Triton-X100 for 10 min. Slides were incubated sequentially overnight at 4°C with the following primary antibodies: CD71 ( 
In vitro differentiation of MAPCs
To induce differentiation, clonal cultured MAPCs were cultured in the media containing no FCS, EGF, PDGF-BB, or LIF unless otherwise indicated. All the experiments were repeated at least three times.
Adipogenic differentiation of MAPCs MAPCs were seeded at a density of 3×10 4 cells/cm 2 in six-well plates, allowed to grow confluence, and cultured for another 3 days. Subsequently, cells were allowed to differentiate for 14 days in the expansion medium of MAPCs containing 0.5 mM 3-isobutyl-1-methylxanthine (Serva Electrophoresis, Germany), 100 nM Dex, 60 μM indomethacin, and 10 μg/ml insulin. At the end of the culture, cells were fixed with 10% formaldehyde (Shenggong, China) for 10 min and were stained with fresh Oil Red O (Sigma-Aldrich) for 2 h. Neuroectodermal differentiation of MAPCs MAPCs were plated at a density of 1×10 4 cells/cm 2 on FN in a basal medium containing 100 ng/ml basic fibroblast growth factor (bFGF; R&D Systems). The cells were allowed to differentiate for 14 days and then immunofluorescently stained for GFAP (1:100) and TAU (1:100, both from Boster Biotechnology, China).
Osteogenic differentiation of MAPCs
Hepatocyte differentiation of MAPCs
4 cells/cm 2 on plastic chamber slides coated with 2% Matrigel in a basal medium supplemented with 10 ng/ml FGF-4 and 20 ng/ml HGF (both from R&D Systems). After 14 days, immunofluorescent staining for albumin (1:500, DAKO, USA) was performed as described above.
Results
Stable in vitro proliferation and expansion of clonal cultured MAPCs
On the third day of primary culture, very few trianglelike cells adhered to the culture surface under a phase contrast microscope, coexisting with plenty of hematopoietic cells, which were round in shape and small in size, shining under the microscope (Fig. 1a, P0-d3) . During the fourth to seventh day of culture, the trianglelike cells gradually increased and had a typical colony growth, with an obvious three-dimensional appearance and growth circle. The colony cells grew confluent and became morphologically homogenous after 7-10 days (Fig. 1a, P0-d10 ). After treatment with trypsin, the cultured cells no longer grew in clusters, but in a homogeneous manner (Fig. 1a, P4-d3 ).
Single-cell clonal culture was performed by infinite dilution technique. Thirty percent of single cell-derived MAPCs formed larger clones during culture (Fig. 1b) , and six cell clones (7F#, 4G#, 6E#, 4F#, 7C#, and 10D#) were obtained in the following expansion. When being cultured at an extremely low density (250 cells/cm 2 ), this six-cell population still demonstrated strong capability of proliferation, with the doubling time being about 24-36 h. P20 cells still possessed the typical properties of MAPCs: polygonal-shaped, with larger nuclei, vacuoles around the nuclei, and sparse cytoplasm (Fig. 1b, D2, D4 ).
Expression of Oct4 and genes of three germ layers in single cell-derived MAPCs
The expression of self-renewal gene Oct4 was detected in the six cell clones after being passaged for more than 20 times. All the six cell clones were found to have different levels of Oct4 expression (Fig. 2a) . Specific markers of the three germ layers were detected in the three cell clones (7F#, 4G#, and 10D#), which strongly expressed Oct4. The specific markers included CYP51 (present in the liver of adults) for endoderm, SM22α and GATA4 (present in the skeleton muscle the heart of adults) for mesoderm, and NMDA (present in the brain of adults) for neuroectoderm. As for the markers for the three germ layers, 4G# clone had a very weak expression of CYP51 and all the rest clones had high expression of their corresponding markers (Fig. 2b) , especially for single cell-derived MAPCs-10D#. Therefore, we subjected single cell-derived MAPCs-10D# to further experiments. Fig. 2 RT-PCR analysis of expression of Oct-4 and specific markers for three somatic germ layers. a Oct-4 was highly expressed in six cell clones. b CYP 51, SM22α, GATA4, and NMDA were positive in three cell clones. NEG Negative controls, POS positive controls for CYP 51 (fetal liver), SM22α (fetal smooth muscles), GATA4 (fetal heart), and NMDA and Oct-4 (fetal brain tissues; n=3)
Identification of molecular markers in single cell-derived P20 MAPCs-10D#
Single cell-derived P20 MAPCs-10D# was chosen for immunofluorescence assay. It was found that it expressed CD71 (a surface antigen of stem cells), Vimentin (a stromal cell skeleton protein), α-SMA (a marker of early smooth muscle cells), and SSEA-1 (a marker for more primitive stem cells; Fig. 3a) , suggesting that it still harbored the surface antigen of stem cells, the stromal cell skeleton protein, and the marker of early smooth muscle cells.
The results of flow cytometry showed that 10D# clone did not express CD45 or CD34 (markers for hematopoietic stem cells). For the expression of CD44, the stromal cell marker, and MHC I, the major histocompatibility complex class I antigens, MAPCs were all negative (Fig. 3b) .
Differentiation potential of single cell-derived P20 MAPCs-10D# into three somatic germ layers consisting of osteoblasts, adipocytes, neurons, and hepatocytes Single cell-derived P20 MAPCs were seen to have strong refractive oil drops around the nuclei on as early as the eighth day under the adipogenic condition, and the oil drops gradually increased and fused into larger ones with the prolongation of the induction time (Fig. 4a, 1) . Twentyone days after induction with osteoblastic medium, AKP staining of MAPCs showed purple-bluish deposits in the cytoplasm (Fig. 4a, 2) , and immunocytochemistry staining was positive for osteopontin (Fig. 4a, 3) . Fourteen days after MAPCs were directed to differentiate into neuronal cells in vitro, cell morphology underwent obvious changes: the cytoplasm was shrinking, and bipolar or multipolar processes were seen growing out from the spindle-shaped cells (Fig. 4b, 1) . Immunofluorescence staining showed the presence of Tau protein, the specific marker of neurons (Fig. 4b, 2) , and GFAP, the specific marker of glia cells (Fig. 4b, 3 ) in the cells after neurogenic induction. Fourteen days after MAPCs were programmed to differentiate into hepatocytes, the spindle-shaped cells (Fig. 4c, 1) turned into round or oval shape and became wider and larger, with narrowed intercellular junctions and appearance of cell patches (Fig. 4c, 2) . Immunofluorescence analysis showed that the induced cells expressed albumin, the marker of hepatocytes (Fig. 4c, 3) . The above findings suggested that clonal cultured MAPCs were able to differentiate into osteoblasts, adipocytes, neuronal cells, and hepatocytes under proper culture conditions.
Discussion
There is increasing evidence that isolation strategies of stem cells differ for different source tissues and different stem cell types; even though the tissue is from the same source, different isolating protocols may obtain different stem cell Immunofluorescence analyses of single cell-derived P20 MAPCs-10D# were positive for CD71, Vimentin (with nuclear counterstained by Hochest33342), α-SMA and SSEA-1 (with nuclear counterstained by DAPI, all original magnification ×200). b FACS analysis: P4 MAPCs were negative for CD34, CD45, CD44, and MHC-I antigen types [17] . For example, stromal stem cells screened out with different molecular markers demonstrated certain varieties in growth and plasticity, and were therefore given different names, including MSCs [18] [19] , MAPCs [10] [11] [12] , MPCs (mesodermal progenitor cells) [20] , and marrowisolated adult multi-lineage inducible cells (MIAMI) [21] . In the present study, we used culture conditions similar to those of Verfaillie's team and successfully obtained a comparatively homogeneous population of MAPCs through the following protocol: isolating mononuclear cells from rat total bone marrow by direct adherence, eliminating nonadherent cells after three to four passages, subjecting the remaining cells to single cell clonal culture by limiting dilution technique, plating the cells at a low density of 250 cells/cm 2 for further passage, and finally screening for clonelike cells. We found that single cell-derived MAPCs did not express CD34, CD45, CD44, and MHC-I, which was consistent with the results of Verfaillie's team, who found that MAPCs were able to reserve their pluripotency when plated at a low density, and unable to do so when plated at a much higher density. With pluripotency decreasing, CD44 and MHC I turned from negative to strongly positive in MAPCs, and therefore could serve as a marker for the loss of pluripotency. It should be notified that our protocol for MAPC isolation, which involved direct adherence, passage selection, single cell clonal culture and low density passage, is less complicated and more economical than that of Verfaillie's team, who employed the technique of immuno- magnetic microbeads. The reliability of our protocol is verified by its results. Single cell-derived MAPCs retained their multi-potential differentiation capability even after being passaged for 20 generations, and could not only give rise to adipocytes and osteoblasts (mesoderm) but to neurons, glia cells (ectoderm), and hepatocytes (endoderm).
It has been demonstrated that the isolation method and cultivation condition are vital to the isolation of bone marrow stem cells and the maintenance of stem cell property [16] . The latest research showed that in vitro culture of human MSCs with autologous serum is superior to FBS for the amplification and for maintaining the pluripotency of MSCs [22] , and the original culture strategy might lead to the loss of differentiation potential of MSCs. Moreover, some researchers found that serum-free culture could upgrade the differentiation potential of MSCs [23] . So recently, researchers have made persistent efforts to optimize the isolation method of MSCs. For example, people have isolated another population of pluripotent cells, called marrow-isolated adult multilineage inducible (MIAMI) cells, from human bone marrow by plating whole bone marrow cells initially in media containing 5% FBS and subsequently maintaining them in the medium containing 2% FBS in fibronectin-coated dishes. These cultures were then maintained in hypoxic conditions at 1,300-1,400 cells/cm 2 [20] . MIAMI cells still expressed telomerase, Oct-4, and Rex-1 even after being expanded for more than 50 population doublings. In the present study, our medium contained a low level of serum, but was supplemented with growth factor and LIF, which promoted the proliferation of MAPCs to some extent and retained their dedifferentiated state. Single cell clonal culture and low density passage may help to isolate a more homogenous cell population with strong proliferation capability.
As the marker for pluripotent stem cells, Oct-4 is closely linked with the pluripotency of MAPCs [24] . Our results showed that single cell-derived MAPCs not only highly expressed Oct-4 but expressed the early markers of endoderm, mesoderm, and ectoderm: CYP51, SM22αA [14] , GATA4 [25] , and NMDA [26] , which is the molecular basis for their differentiation into three germ layers. Woodbury's team [16] demonstrated that MSCs expressed germline, ectodermal, endodermal, and mesodermal genes before neurogenesis. The present research extended their observations. Our observations confirm that single cell-derived MAPCs transcribe Oct4 and genes of the three germ layers simultaneously, and could differentiate into multiple lineages. It may be concluded that under appropriate circumstances, single cell-derived MAPCs can maintain not only characteristics of stem cells but multi-lineage differentiation potential which has expressed corresponding regulating genes, and single cell-derived MAPCs could differentiate into multiple lineages through quantitative modulation of regulating gene expression, rather than switching on expression of specific genes.
